Abstract-Early stage interactions between the powdery mildew pathogen and a host plant are studied. Treatment of wheat leaves with various concentrations of hydrogen peroxide and 3-amino-1,2,4-triazole resulted in the formation of morphological anomalies of germ tubes and nonviable colonies on host plant leaves. The observed effect of oxidative stress on germination anomalies of powdery mildew is similar to previously reported interactions between the pathogen and mildew resistant plants. We conclude that abnormal infectious structure formation of wheat powdery mildew may be associated with increased presence of reactive oxygen species during plant defense responses.
INTRODUCTION
In recent years, the process of primary infection with powdery mildew has been studied intensively, since such studies demonstrate the importance of early stages of infestation for the process of development of disease [1, 2] . The first stages of interactions of the wheat and powdery mildew fungus depend on pathogen capacity to maximally realize the pathological process, i.e., proliferation of conidia and differentiation of infectious structures ensuring infestation of the plant and further development of the disease [3, 4] .
The process of infestation of wheat with powdery mildew consists of several stages. A conidium of powdery mildew fungus gets on the leaf surface of a plant, initially it forms a primary germ tube, and then an appressorial germ tube is formed producing the appressorium [5] . If the plant is susceptible to a fungal pathogen, a haustorium is formed within an epidermal cell of the host plant approximately 24 h after inoculation. The haustorium absorbs nutrients from the ghost cell. Further development of the fungus is accompanied by growth of mycelial hyphae and the formation of haustoria of the second, third, etc. orders [6] .
Development of the pathogen on resistant plants differs in some special traits. In case of incompatible combinations, there happen various deviations in differentiation of infectious structures of the pathogen. These disorders lead to isolation of the disease agent already at the first stages of pathogenesis and this contributes to alleviation of the infection load.
Recent investigations demonstrated an important role of active oxygen species (AOS) in pathogenesis of powdery mildew of grasses. AOS are intermediaries in activation of the immune response of plants and take part in control of the structural organization of the cell wall [7] [8] [9] . Many authors found that the oxidative process influences early developments stages of Erysiphe graminis [2, 10] .
The present study is aimed at investigation of special traits of early stages of the agent of powdery mildew of wheat under the influence of oxidative stress. The oxidative stress was modeled by hydrogen peroxide and 3-amino-1,2,4-triazole (3-АТА), which contributes to increase in quantity of endogenous hydrogen peroxide via inhibition of peroxidase and catalase [11] .
MATERIAL AND METHODS
The experiments were made on the soft wheat Triticum aestivum L. and the agent of powdery mildew of wheat Erysiphe graminis DC. f. sp. tritici Marchal.
Seeds of wheat were grown at the temperature 20-22°C in Knop solution in filter paper rolls, and 15-day-old wheat sprouts were inoculated with conidia of E. graminis, whose culture was supported on susceptible wheat. The infested separated leaves of wheat sprouts were incubated in Petri dishes with aqueous solutions of hydrogen peroxide and 3-АТА, the abaxial side upwards. Distilled water was used in the control.
MYCOLOGY AND ALGOLOGY
On the fifth to sixth day after infestation, the number of visible colonies of the agent of powdery mildew was counted under a stereoscopic microscope in several areas of the leaf surface, 1 cm 2 each. For each variant, the average density of colonies was calculated in 15-30 preparations.
The influence of oxidative stress and its supposed protective effect were studied at various stages of pathogenesis. The investigated substances were introduced into the incubation medium of separated leaves at certain intervals after infestation and for a limited period. Concentrations 4 mM and 10 mM for 3-АТА and 5 mM for hydrogen peroxide were selected as minimal concentrations with an expressed inhibition of development of powdery mildew fungus.
Dynamics of development and of differentiation of infesting structures of the agent of powdery mildew was investigated using scanning electronic microscopes (SEM). To do this, the plant material was selected on the third to ninth day after infestation. Samples of leaf tissue were examined by means of a LEO-1430 VP scanning electronic microscope (Carl Zeiss, Germany) without chemical fixation under low vacuum (VP-situation) at room temperature or under conditions of high vacuum at -30°C using a freezing attachment Deben UK (Great Britain).
The results of investigation of the control and experimental groups were compared by means of Wilcoxon test as well as changes of parameters in different periods. Differences between values of parameters were considered significant at р < 0.05.
RESULTS AND DISCUSSION
Having got on the leaf surface of wheat, the conidia of E. graminis germinate form the primary germ tube and appressorium during 24-48 h after inoculation (Fig. 1a) . To the end of this period, as a rule, a haustorium for absorption of nutrients is formed within the host epidermal cell. In 48 h, one or several germ tubes may be seen in normally developing conidia in the control. Then the germ tubes elongate, develop into hyphae of ectophytic mycelium, and form a microcolony (Fig. 1b) . In 72 h after infestation, the developed colonies may be seen with hyphae up to 400-450 μm in length (Fig. 1c) .
Differences in formation of inflectional structure of the fungus may be discovered already in 24 h after infestation. Influence of 3-АТА increased the quantity of conidia unable to germinate (Fig. 1e) or form anomalous inflectional structures (Fig. 1f) . At the time of formation in the control of developed colonies with numerous conidiphores (Fig. 1d ) in variants with a strong inhibition of development of powdery mildew, sometimes only microcolonies were seen. As a rule, they had numerous swelled and probably nonfunctioning germ tubes (Fig. 1f) . At high concentrations of 3-АТА, the formation of numerous primordia of hyphae took place, which did not develop further on.
Developments of the agent of powdery mildew in the presence of hydrogen peroxide manifested special traits. At concentrations of 0.5-5 mM, the conidia were formed with numerous germ tubes (Fig. 1g) or with an elongated appressorial germ tube (Fig. 1h) . At 10 mM of hydrogen peroxide, the development of pathogen stopped at the stage of formation of the appressorium. No further formation of colonies was observed.
Previously, it was shown that treatment of separated leaves of wheat both with 3-АТА and hydrogen peroxide inhibits colony formation of the pathogen [12] . At increased concentration of these substances, the inhibiting activity also increased. High concentra- (a) (b) (c)
tions (10 mM and more for 3-АТА and 5 mM and more for hydrogen peroxide) fully prevented the development of colonies of the pathogen. Further investigations were directed at studies of the impact of oxidation stress on various developmental stages of powdery mildew fungus (table) . In a variant with permanent presence of 3-АТА in the incubation medium of leaves, the number of colonies was strongly inhibited. Higher concentrations were more inhibiting. In other variants, 3-АТА was applied for the period of 24 h at the first, second, and third day after infestation. The results demonstrate that all variants with treatment with 3-АТА during a limited time also show significant inhibition of infection (р < 0.001). The strongest effect was observed at the early stages of infestation (one day). This corresponds to the stages of proliferation of conidia, of formation of the appressorium, and of the primary haustorium. Treatment of wheat leaves with hydrogen peroxide significantly inhibited growth of the pathogen. In the variant with permanent presence of hydrogen peroxide all over the experiment, the concentration 5 mM almost completely prevented the appearance of colonies.
Similar tendencies in time of application of both investigated substances should be noted. The highest activity was observed in the variants with short-time incubation during 24 h in the presence of 3-АТА and exogenous hydrogen peroxide, where these substances were introduced at the first day after infestation. Their application at the second day resulted in less expressed inhibition. Application at the third day increased inhibiting activity again.
Recent investigations demonstrated that pathogenesis of powdery mildew of grasses considerably depends on oxidative metabolism [2, 7, 13] . In addition to direct toxic effect on cells of a pathogen, the active oxygen species act as signal molecules taking part in the induction of local and systemic acquired stability [14] . Activation of oxygen is one of the earliest responses of the plant cell to infestation. The time of significant increase of the level of active oxygen species, i.e., time of reaction of a plant to infestation, plays an important role at early stages of pathogenesis, since it is a key link in switching on the active protective reaction of plants.
In our experiments, the exogenous hydrogen peroxide and 3-АТА inhibited development of powdery mildew pathogenesis, significantly decreased intensity of colony formation, and increased stability of wheat to the agent of powdery mildew. The pathogen-inhibiting activity of these substances increased at greater concentrations and high concentrations fully prevented the development of pathogen colonies. Inhibiting effect of exogenous prooxidants seems to correspond to the notion on the protective role of active oxygen species in pathogenesis.
Since active oxygen species are toxic not only to pathogenesis but also to the host plant itself, their quantity in plant cells is strictly regulated with the participation of antioxidant systems. Antioxidant protective mechanisms the limit life duration of active oxygen species and protect the cell from injurious action of hydrogen peroxide formed by reduction of molecular oxygen. Thus, the increase of the quantity of hydrogen peroxide is limited in time. Along with the intensity of formation of active oxygen species, the time of beginning and end of the oxidative "explosion" seem to play an important role in regulation of the immune response of the host cell, which is still little investigated.
In our experiments, this aspect of action of active oxygen species is modeled by short-time application of exogenous prooxidants at different time after inoculation of the pathogen. It is shown that duration of exposure to these substances influences the value of the inhibiting effect. Developmental stages of the powdery mildew pathogen corresponding to the first and third days after infestation are more sensitive. On the other hand, the stages of development of the pathogen at the second day are more stable to inhibition. It seems that alleviation of inhibition at the second day in the case of hydrogen peroxide may be explained by its rapid decomposition after incubation. At the same time, 3-ATA accumulated during 2 days continues its action in the subsequent period, when the pathogen becomes again sensitive to the inhibitor.
Development of mycelium of powdery-mildew fungi of grasses occurs on the surface of plant leaves. This fact facilitates the investigation of this pathogen by means of SEM. Our investigations demonstrated that treatment with hydrogen peroxide and 3-АТА inhibits the formation of colonies of the agent of powdery mildew and suppresses growth of colonies of the pathogen at early developmental stages. Anomalous differentiation of infectious structures of the agent of powdery mildew also occurred at the concentrations of 3-АТА and exogenous hydrogen peroxide close to the concentrations that inhibited development of the colonies seen by the unaided eye. It is known that some compounds may influence the early development of phytopathogenous fungi and cause the formation of anomalous infectious structures. For example, inhibition of appressorial development in necrotrophic fungus Cochliobolus miyabeanus occurred during treatment with methyl glyoxal bisguanyl hydazone, inhibitor of synthesis of polyamines [15] .
In our experiments, exposure to hydrogen peroxide and 3-АТА caused retardation of growth of the powdery-mildew pathogen. In both cases, the conidia with numerous germ tubes appeared-anomalies rate in the control plants. At the same time, exposure to 3-АТА caused the formation of numerous primordia of hyphae at high concentrations and thick short hyphae at low concentrations, noncharacteristic of hydrogen peroxide. At application of hydrogen peroxide, even at rather high concentrations fully or almost fully inhibiting development of colonies, numerous externally normal appressoria were seen.
Thus, special traits of mutual recognition of a plant and a pathogen may be manifested already at the early stage of interaction. Our investigations demonstrated that some traits of action on powdery-mildew pathogen characteristic of hydrogen peroxide or common of hydrogen peroxide and 3-АТА, namely the appearance of anomalously long appressoria or germ tubes, are also characteristic of the development of the pathogen on leaves of resistant plants [16] . The quantity of appressoria with normal morphology correlates with the density of colonies of powdery mildew agent. This indicates to the fact that disturbance of differentiation of infectious structures leads to fewer points of contact with the plant and at anomalies of germ tubes leads to further of places of new contacts; this is not accompanied by penetration to epidermal cell of the host plant and formation of haustorii. The obtained data imply that the anomalous development of powdery-mildew pathogen on wheat leaves may be caused by active oxygen species formed in the resistant plant in the course of protective reactions.
